The main components of oral malodour have been identified as volatile sulfur compounds (VSCs), including hydrogen sulfide (H 2 S) and methyl mercaptan (CH 3 SH). The lactoperoxidase (LPO) system (consisting of LPO, glucose oxidase, glucose and thiocyanate) was previously shown to exhibit antimicrobial activities against some oral bacteria in vitro and suppressive effects on VSCs in mouth air in a clinical trial. Here, we examined the in vitro effects of the LPO system on the activities of the bacterial lyases involved in the production of VSCs by oral anaerobes. The exposure of crude bacterial extracts of Fusobacterium nucleatum and Porphyromonas gingivalis or purified methionine c-lyase to the LPO system resulted in the inactivation of their lyase activities through L-cysteine and L-methionine, which was linked to the production of H 2 S and CH 3 SH, respectively. The exposure of living F. nucleatum and P. gingivalis cells to the LPO system resulted in the suppression of cell numbers and lyase activities. The inactivation of the crude bacterial extracts of F. nucleatum and purified methionine c-lyase by the LPO system was partly recovered by the addition of DTT. Therefore, the LPO system may inactivate bacterial lyases including methionine c-lyase by reacting with the free cysteine residues of lyases. These results suggested that the LPO system suppresses the production of VSCs not only through its antimicrobial effects, but also by its inactivating effects on the bacterial lyases of F. nucleatum and P. gingivalis.
INTRODUCTION
Oral malodour is a common condition and concern amongst a large number of people. Volatile sulfur compounds (VSCs), mainly composed of hydrogen sulfide (H 2 S) and methyl mercaptan (CH 3 SH), were previously reported to be primarily responsible for oral malodour . VSCs have been identified as toxic agents that increase the permeability of the oral mucosa (Ng & Tonzetich, 1984) , suppress collagen synthesis (Johnson et al., 1996) and inhibit osteoblast proliferation (Imai et al., 2009 ). These in vitro findings suggest that VSCs accelerate the progression of periodontal disease in addition to being a causative factor of oral malodour.
VSCs are produced from sulfur-containing amino acids by the bacterial lyases of oral anaerobes such as cystathionine c-lyase (EC 4.4.1.1) and methionine c-lyase (EC 4.4.1.11) . Cystathionine c-lyase has been detected in Fusobacterium nucleatum , whilst methionine c-lyase was found in F. nucleatum (Suwabe et al., 2011) and Porphyromonas gingivalis (Yoshimura et al., 2000) . Cystathionine c-lyase and methionine c-lyase catalyse the a,b-elimination of L-cysteine to produce H 2 S, pyruvate and ammonia. Methionine c-lyase also catalyses the c-elimination of L-methionine to produce CH 3 SH, a-ketobutyrate and ammonia. Lactoperoxidase (LPO) is a glycoprotein found in milk, saliva and other exocrine secretions (Thomas et al., 1991; Sharma et al., 2013) . It catalyses the hydrogen peroxide (H 2 O 2 )-dependent oxidation of thiocyanate (SCN -) to hypothiocyanite (OSCN -), which is a potent antimicrobial agent against bacteria, fungi and viruses (Thomas et al., 1991; Sharma et al., 2013) . and inhibits various functions, such as glycolysis (Adamson & Pruitt, 1981) , the membrane transport of sugars and amino acids (Hamon & Klebanoff, 1973; Mickelson, 1977) , respiration (Law & John, 1981; Shin et al., 2001) , and the urease activity of Helicobacter pylori (Shin et al., 2002) .
The composition of LPO, glucose oxidase (GO), glucose and buffer salts was previously shown to exhibit in vitro bactericidal activity against Aggregatibacter actinomycetemcomitans and P. gingivalis through the formation of OSCNin the presence of saliva or SCN - (Shin et al., 2008) . In a recent clinical trial, the ingestion of LPO-containing tablets, which utilize SCNpresent in saliva, led to suppressive effects on the concentrations of VSCs in mouth air (Shin et al., 2011) . Although the ingestion of the tablets was considered to have suppressed the metabolic activity or cell number of periodontopathic bacteria residing in the oral microflora, the mechanism of action of reducing VSCs has not yet been elucidated in detail. Therefore, the aim of the present study was to examine the in vitro effects of the LPO system (consisting of LPO, GO, glucose and SCN -) on the bacterial lyases of F. nucleatum and P. gingivalis involved in the production of VSCs.
METHODS
Bacteria and growth conditions. F. nucleatum JCM 6328 was obtained from the RIKEN BioResource Center. P. gingivalis ATCC 53978 was obtained from the ATCC. These strains were grown and maintained on Trypticase Soy Agar (TSA; BD) supplemented with 5 % (v/v) sheep blood, 10 mg yeast extract ml -1 , 5 mg hemin ml -1 and 0.5 mg menadione ml -1 in an anaerobic chamber (37 uC, 10 % CO 2 , 5 % H 2 and 85 % N 2 ; model 2000; Coy Laboratory Products). Bacteria were incubated at 37 uC in Trypticase Soy Broth (BD) supplemented with 1 mg yeast extract ml -1 , 5 mg hemin ml -1 and 5 mg menadione ml -1 overnight to prepare the inocula.
LPO system. The reaction mixture of the LPO system consisted of 4.2 U LPO ml -1 purified from bovine milk (FrieslandCampina Domo), 0.4 U GO ml -1 purified from Penicillium chrysogenum (Shin-Nihon Chemical), 1.55 mM glucose and 0.66 mM sodium thiocyanate. The reaction mixture was prepared in an anaerobic environment because the reaction through GO required dissolved oxygen. The reaction mixture in 40 mM phosphate buffer (pH 7.7) was incubated at 37 uC for 10 and 30 min without the addition of bacteria, and the concentration of OSCNwas measured by monitoring the reaction with 5-thio-2-nitrobezoic acid (Tenovuo et al., 1985) .
Preparation of the crude bacterial extract. F. nucleatum or P. gingivalis in the stationary phase of growth were harvested by centrifugation at 3000 g for 15 min at 4 uC, washed and then suspended in 40 mM phosphate buffer (pH 7.7) containing 50 mM sodium chloride. The bacterial suspensions were mixed in a tube with glass beads (diameter 0.1 mm; Yasui Kikai) and lysed by shaking with a Multi-Beads Shocker (Yasui Kikai) according to the following program: 3000 r.p.m. for 30 s for three times with 30 s intervals at 0 uC. The supernatants were obtained as crude bacterial extracts by centrifugation at 16 000 g for 30 min at 0 uC. The protein contents in bacterial cells and crude bacterial extracts were measured by a commercial kit (Pierce BCA Protein Assay kit; Thermo Scientific) using BSA as the standard.
Effects of the LPO system in crude bacterial extracts -lyase assay. The crude bacterial extract of F. nucleatum or P. gingivalis at 0.15 mg ml -1 was incubated with 1 ml of the LPO system in 40 mM phosphate buffer (pH 7.7) at 37 uC for 10 and 30 min. The reaction of the LPO system was stopped by the addition of 10 ml 10 mM sodium azide. The addition of sodium azide at this concentration did not have any inhibitory effects on lyase activities. Lyase activities toward L-cysteine and L-methionine were measured by determining the amounts of pyruvate and a-ketobutyrate using 3-methyl-2-benzothiazolone hydrazine hydrochloride (MBTH), as described previously (Soda, 1967; Yoshimura et al., 2000) . In brief, 12 ml substrate solution of L-cysteine or L-methionine solution was added to 388 ml crude bacterial extract solution. The final concentration of the substrates was 10 mM. Incubation was carried out at 37 uC for 90 min and the reaction was terminated by mixing with 200 ml 4.5 % (w/v) trichloroacetic acid. The crude bacterial extract solution was centrifuged and 100 ml supernatant was added to 100 ml 0.05 % (w/v) MBTH in 1 M sodium acetate (pH 5.2) and then incubated at 50 uC for 30 min. The amount of pyruvate or a-ketobutyrate was determined by spectrophotometry at A 335 . Controls in which the LPO system was substituted for only SCNwere examined simultaneously. Purified methionine c-lyase from Pseudomonas putida (recombinant, expressed in Escherichia coli; Sigma-Aldrich) at a concentration of 1.0 mg ml -1 was also tested in the same manner.
Effects of the LPO system on bacterial cells. The LPO system with the same composition was also tested to assess its effects on the viability and lyase activities of bacterial cells. F. nucleatum or P. gingivalis (*10 7 c.f.u. ml -1 ) was incubated with 30 ml of the LPO system in 40 mM citrate buffer (pH 5.0) at 37 uC for 10 and 30 min under anaerobic conditions. Bacterial viability was assayed on TSA plates by spreading aliquots of serial 10-fold dilutions of the suspension. Bacterial colonies were counted after culturing for 6 days. The residual suspension was mixed with 300 ml sodium azide to terminate the reaction of the LPO system. Bacteria were harvested by centrifugation at 3000 g for 15 min at 4 uC, washed and then resuspended in 40 mM phosphate buffer (pH 7.7) with 50 mM sodium chloride to OD 550 1.5. Lyase activities in these bacterial suspensions were measured in the same manner as described above. The influence of pH on the activities of the LPO system was also examined.
Restoration of lyase activities by DTT. The crude bacterial extract of F. nucleatum and purified methionine c-lyase was treated with the LPO system at 37 uC for 30 min, and then incubated in the presence of DTT (Sigma-Aldrich) at 37 uC for 15 min before the lyase assay.
Statistical analysis. Statistical analyses were performed between two groups using the two-tailed Student's t-test. Pv0.05 was considered to indicate a significant difference.
RESULTS

Effects of the LPO system on lyase activities in crude bacterial extracts
We determined whether the LPO system affected the lyases involved in the production of VSCs in crude bacterial extracts. The LPO system yielded OSCNat concentrations of 0.183+0.011 (four independent experiments) after a 10 min incubation. The concentration of OSCNdid not increase significantly after a 30 min incubation (0.202 + 0.019 mM; P50.13 versus 10 min).
Exposure of the crude bacterial extract of F. nucleatum and P. gingivalis to the LPO system for 10 min resulted in significantly lower lyase activity toward L-cysteine or IP: 54.70.40.11
On: Fri, 21 Dec 2018 19:34:32 L-methionine than that of the control, which was incubated with SCNonly (Table 1 , Pv0.01). Lyase activity toward L-cysteine or L-methionine has been linked to the production of H 2 S or CH 3 SH, respectively. After a 30 min incubation, the lyase activity of P. gingivalis toward L-cysteine was significantly lower than that after 10 min (Pv0.01). Similar results were obtained for the activity of F. nucleatum toward L-methionine (Pv0.01).
The lyase activities of purified methionine c-lyase after a 10 min incubation with the LPO system were significantly lower than those of the control (Pv0.01). Lyase activities toward L-cysteine or L-methionine were significantly lower in the LPO system and control at 30 min than at 10 min (Pv0.05).
None of the LPO system components (i.e. LPO, GO or glucose) significantly suppressed the lyase activities of the crude bacterial extract of F. nucleatum to lower than those of the control ( Table 2) .
Effects of the LPO system on bacterial cells
We investigated whether the LPO system exerted bactericidal and lyase-inactivating effects against living bacterial cells. The number of viable bacterial cells of F. nucleatum after a 10 min incubation with the LPO system was decreased by v1 log unit and was significantly lower than that of control cells incubated with SCNonly after 30 min ( Fig. 1a; Pv0 .05).
The LPO system reduced the number of viable cells of P. gingivalis by w1 log unit after 10 min and to below the detection limit (v2.7 log 10 c.f.u. ml -1 ) after 30 min (Fig.  1b) . The viability of P. gingivalis was more susceptible to the LPO system than that of F. nucleatum.
The exposure of bacterial cells to the LPO system also resulted in the inactivation of lyase activities. Lyase activities rapidly decreased during the first 10 min and then slightly decreased from 10 to 30 min. The percentages of lyase activities toward L-cysteine and L-methionine at 10 min were 47.2 and 54.7 % (F. nucleatum; Fig. 1c , e) and 29.2 and 28.8 % (P. gingivalis; Fig. 1d , f) of the control, respectively. The lyase activities of P. gingivalis were more susceptible to the LPO system than those of F. nucleatum. Table 1 . Effects of the LPO system on lyase activities of crude bacterial extracts or a purified enzyme
The crude bacterial extract of F. nucleatum JCM 6328 or P. gingivalis ATCC 53978 at 0.15 mg ml -1 or methionine c-lyase from P. putida (recombinant, expressed in E. coli) at 1 mg ml -1 was treated with the LPO system composed of 4.2 U LPO ml -1 , 0.4 U GO ml -1 , 1.55 mM glucose and 0.66 mM SCNin 40 mM phosphate buffer (pH 7.7) at 37 8C for 10 and 30 min. The control ('-') contained 0.66 mM SCNin phosphate buffer (pH 7.7). Values represent the mean¡SD of four experiments.
Substrate
Time ( We then examined the influence of pH on the bactericidal and lyase-inactivating effects of the LPO system in F. nucleatum. The bactericidal and lyase-inactivating effects of the LPO system both depended on pH (Fig. 2) . The lowest number of viable cells and their lyase activities were observed under weakly acidic conditions (pH 4.2 and 4.6). At near-neutral pH 6.4 and 7.4, the number of viable cells was reduced by v0.5 log 10 c.f.u. ml -1 of the initial number. The lyase activities for L-cysteine and L-methionine both decreased to *60 % of the control incubated at the same pH with only 0.66 mM SCN -. Restoration of lyase activities treated with the LPO system by DTT
We investigated whether the inactivation of lyase activities was due to oxidative modifications to the thiol groups of lyases by OSCN -. The inactivation of the lyase activities of the crude bacterial extract from F. nucleatum was partly recovered by the addition of DTT in a dose-dependent manner (Fig. 3a, c) . Although the lyase activities of purified methionine c-lyase were also recovered by the addition of DTT, the rate of restoration was less than that of the crude bacterial extract (Fig. 3b, d ).
DISCUSSION
VSCs are the main causes of oral malodour, and result from the degradation of L-cysteine and L-methionine by bacterial lyases . A recent clinical trial reported that sucking an LPO-containing tablet for 10 min had short-term continuous suppressive effects on VSCs (Shin et al., 2011) . However, the mechanism of action has not yet been elucidated in detail. In the present study, we demonstrated that the activities of bacterial lyases toward both L-cysteine and L-methionine were significantly lower with the LPO system than with the control after a 10 min incubation. The time required for the in vitro inactivation of the lyase agreed with the sucking time of an LPO-containing tablet in the oral cavity in the clinical trial. Therefore, the inactivation effects of the LPO system on lyases may be one of the possible mechanisms of action of reducing VSCs.
The concentration of each component of the LPO system (LPO, GO and glucose) in the present study was almost the same as that in 1.0 g of the test tablet from the clinical trial dissolved in 100 ml buffer. This concentration was *10-fold lower than that in saliva during sucking the test tablet. SCNwas used at a concentration of 0.66 mM, which is within the range reported in human saliva samples (0.55-1.87 mM for resting whole saliva, 0.36-1.32 mM for stimulated whole saliva; Pruitt et al., 1983) . No significant differences were observed in the concentrations of OSCNbetween the 10 and 30 min incubations. These results implied that OSCNwas stable or in equilibrium for 30 min.
None of the components of the LPO system (i.e. LPO, GO or glucose) inhibited the lyase activities of the crude bacterial extract of F. nucleatum. These results suggest that OSCN -, which is a product of the LPO system, had inactivating effects on lyase activities. H 2 O 2 is generated at the onset of the reaction through GO. Previous studies reported that H 2 O 2 was immediately reduced in the presence of peroxidase (Courtois et al., 1992; Shin et al., 2008) ; therefore, the contribution of H 2 O 2 to the inactivating effects of the LPO system on lyases may have been negligible.
The LPO system also inactivated purified methionine c-lyase, which degrades L-cysteine and L-methionine. This lyase has been detected in F. nucleatum and P. gingivalis (Yoshimura et al., 2000) . Therefore, methionine c-lyase is one of the targets of the LPO system in bacterial lyases. Methionine c-lyase is considered to be an exploitable target for reducing VSCs . The inhibition of this enzyme may not have had a marked effect on human cells because methionine c-lyase is not found in mammals . The inactivation of methionine c-lyase by the LPO system may represent a safe and effective approach for preventing oral malodour.
The LPO system exhibited bactericidal and lyase-inactivating effects on living F. nucleatum and P. gingivalis cells. The suppressive effects of antimicrobial agents on oral malodour have been reported previously (Quirynen et al., 2002) and the bactericidal effects of the LPO system appear to be one of the mechanisms of action involved in reducing VSCs.
Lyase activities rapidly decreased during the first 10 min and slightly decreased from 10 to 30 min, whereas the number of viable cells decreased steadily for 30 min. These results suggested that the inactivation of lyases was not likely to correlate directly with the survivability of bacteria. In a previous study, the growth rate of a methionine c-lyase-deficient mutant of P. gingivalis was similar to that of the parent strain (Yoshimura et al., 2000) . The inhibition of other bacterial functions such as glycolysis, respiration and glucose transport may contribute to bactericidal effects.
The viability and lyase activities of P. gingivalis were more susceptible to the LPO system than those of F. nucleatum. However, a previous study reported that the viabilities of P. gingivalis TUPg007 and F. nucleatum ATCC 10953 showed similar susceptibilities to the LPO system (Ihalin et al., 2001) . Therefore, the differences observed in the susceptibilities of P. gingivalis and F. nucleatum in the present study may not be a general phenomenon.
The bactericidal activity of the LPO system against F. nucleatum cells depended on pH, which was consistent with previous findings (Thomas et al., 1983; Shin et al., 2008) . At low pH, the main product of the LPO system is hypothiocyanous acid (HOSCN) , which is in equilibrium with OSCN - (Thomas, 1981) . HOSCN is expected to be more reactive than OSCNbecause the uncharged form has been shown to more rapidly penetrate the hydrophobic barrier of biological membranes (Thomas, 1981) . In the present study, a similar pH dependency was also apparent for the lyase-inactivating effects of the LPO system. Information on the intracellular localization of lyases in oral anaerobes is currently limited. However, these lyases appear to be intracellular enzymes because the crude bacterial extracts obtained by removing cell membranes exhibited lyase activities. Therefore, similar to the dependency of bactericidal effects on pH, the pH dependency of lyaseinactivating effects may be explained by the amount of HOSCN present, which can rapidly penetrate bacterial membranes. As the LPO system partly inhibited lyase activities at near-neutral pH 6.4 and 7.4, the LPO system may affect bacterial lyases in saliva, in which pH is 6-7 (Humphrey & Williamson, 2001) .
OSCNis known to react with the thiol groups of bacterial enzymes or proteins (Thomas et al., 1991; Boots & Floris, 2006) . In the present study, the inactivation of lyases treated with the LPO system was partly recovered by the addition of DTT. DTT has the ability to reduce the solvent-accessible disulfide bonds of proteins. In a previous study, the combination of LPO-thiocyanate-H 2 O 2 inhibited sugar transport in Streptococcus agalactiae, whilst the addition of DTT restored this ability. In addition, Nakayama et al. (1988) demonstrated that methionine c-lyase was inactivated by a chemical modification with the thiol-specific cyanylating reagent, 2-nitro-5-thiocyanobenzoic acid, and this inactivation was reversed by DTT. These findings suggest that the inactivation of lyases by the LPO system may, at least partly, be attributed to the oxidative modification of thiol groups in bacterial lyases including methionine c-lyase.
The cysteine residues in the active sites were found to be conserved in various methionine c-lyases (Fig. 4a ) (Kudou et al., 2008) . The cysteine residue is located in the catalytic pocket ( Fig. 4b; Kudou et al., 2007) and is closed to the pyridoxal The overall structure of methionine c-lyase of P. putida (Protein Data bank ID: 2O7C). Each subunit in the homotetramer is shown in pink, yellow, light green and light blue. Cys116 (indicated in red) is located in the catalytic pocket (Kudou et al., 2007) . (c) Active site of methionine c-lyase from P. putida. Active site residues and the pyridoxal 59-phosphate (PLP) co-factor are indicated. The residues from the second subunit are marked by an asterisk. OSCN 2 , a reactive intermediate produced by the LPO system, appears to inactivate methionine c-lyase by reacting with the cysteine residue in the active site. Produced using PDBjViewer version 4.4 (http://pdbj.org/jv/). 59-phosphate co-factor (Fig. 4c ). This free cysteine residue is presumed to play an important role in the c-elimination reaction of L-methionine as well as in substrate recognition (Kudou et al., 2008) . Therefore, the LPO system may inactivate methionine c-lyase by reacting OSCNwith the cysteine residue in the active site of this lyase.
The cysteine residue in the active site was not generally conserved in cystathionine c-lyase, which has been detected in F. nucleatum , but not in P. gingivalis (Fig. 4a ). In the present study, we were unable to concretely confirm whether the LPO system inactivated cystathionine c-lyase. A previous study reported that the LPO system inactivated D-lactase dehydrogenase, which is considered to be non-thiol-dependent (Law & John, 1981) . Although the LPO system may also exert inactivating effects on cystathionine c-lyase, further studies are needed to clarify the targets of the LPO system.
The results of the present in vitro study suggest that the LPO system suppressed the production of VSCs not only through its bactericidal effects on F. nucleatum and P. gingivalis, but also its inactivating effects on bacterial lyases. As the elimination reaction of L-cysteine and L-methionine by lyases is an important process in VSC production, the inactivation of bacterial lyases is assumed to be a more effective approach than a deodorant or masking for suppressing oral malodour for a long period. We consider the results of the present study to contribute to a deeper understanding of the mechanism of action of the LPO system in the oral cavity. Tongue coating is the primary source of oral malodour (Loesche & Kazor, 2002; Nakano et al., 2002) . The LPO system exerts its effects under aerobic conditions because the reaction through GO requires dissolved oxygen. Although it is likely that the LPO system affects VSC-producing bacteria in tongue coating utilizing dissolved oxygen in saliva, in vivo environments are more complex than the conditions used in the present in vitro study. Tongue coating comprises biofilms of various micro-organisms and epithelial cells released from the oral mucosa. Therefore, further studies are needed to confirm whether the LPO system affects the bacterial lyases of VSC-producing bacteria on the tongue surface.
